Recent findings in humans and animals suggest that sleep promotes synaptic plasticity, but the underlying mechanisms have not been identified. We have demonstrated recently an important role for sleep in ocular dominance (OD) plasticity, a classic form of in vivo cortical remodeling triggered by monocular deprivation (MD) during a critical period of development. The mechanisms responsible for the effects of sleep on OD plasticity are unknown but may depend on neuronal activity in the sleeping brain. We investigated the role of cortical activity in sleep-dependent plasticity by reversibly inactivating the sleeping visual cortex (V1) after a period of MD. Critical period cats were bilaterally implanted with cannulas in V1 and standard EEG/EMG electrodes for polysomnographic recording. After a period of MD, visual cortices were infused with the sodium channel blocker lidocaine in vehicle or vehicle only during sleep. A third group of cats served as sham controls and were infused with lidocaine outside of V1 (into the CSF). Both optical imaging of intrinsic cortical signals and microelectrode recordings showed that OD plasticity was significantly reduced in cats whose visual cortices were reversibly silenced during sleep. These findings demonstrate that the mechanisms governing this form of sleep-dependent plasticity require cortical activity. They provide an important insight into how sleep modifies synaptic circuitry by narrowing the range of possible candidate mechanisms to those that are activity dependent.
Introduction
Converging lines of evidence strongly suggest that sleep plays an important role in synaptic plasticity. Increasingly sophisticated studies in humans and animals show that sleep facilitates processes thought to depend on synaptic remodeling, such as learning and memory (Datta et al., 2004; Walker and Stickgold, 2004) . The beneficial effects of sleep on human memory are associated with a reactivation of brain areas engaged in the learning task (Laureys et al., 2001; Huber et al., 2004 ). Similar reactivation on the level of single neurons and neuronal ensembles has been observed during sleep in nonhuman vertebrates, suggesting that information acquired during wake is reprocessed in subsequent sleep (Wilson and McNaughton, 1994; Nadasky et al., 1999; Louie and Wilson, 2001; Hoffman and McNaughton, 2002) . Molecular studies have also identified several plasticity-related genes that are specifically upregulated during normal sleep and in sleep after long-term potentiation (Ribeiro et al., 2002; Cirelli et al., 2004) . Nevertheless, the idea that sleep promotes brain plasticity remains controversial (Vertes and Eastman, 2000; Siegel, 2001 ). There are relatively few studies that show direct effects of sleep on synaptic plasticity, and, although the changes in gene expression and neural activity observed during sleep are quite intriguing, their functional significance is unknown (Benington and Frank, 2003) .
We have shown previously that sleep and sleep loss directly influence a well described form of in vivo cortical plasticity (Frank et al., 2001) . During a critical period of development, monocular deprivation (MD) initiates a rapid remodeling of synaptic weights in primary visual cortex (V1) in favor of the open eye (Hubel and Wiesel, 1970) . Short periods of sleep enhance the effects of MD, and this enhancement does not occur in the absence of sleep (Frank et al., 2001) or in other brain states [e.g., anesthesia (Freeman, 1979; Imamura and Kasamatsu, 1991) ]. The underlying mechanisms responsible for this form of sleepdependent plasticity have not been identified but may depend on cortical activity. Complete blockade of cortical activity with tetrodotoxin inhibits ocular dominance (OD) plasticity (Reiter et al., 1986) , and neuronal activity during sleep may facilitate synaptic remodeling (Wilson and McNaughton, 1994; Steriade and Timofeev, 2003) . In this investigation, we considered the role of cortical activity in sleep-dependent plasticity by reversibly inactivating the sleeping V1 after MD. This was accomplished by temporary inhibition of neuronal activity in V1 using lidocaine, a sodium channel blocker previously used in studies of the visual system (Malpeli, 1999) .
Parts of this paper have been published previously in abstract form (Jones et al., 2004) .
Materials and Methods
Experimental procedures: main groups. To determine whether sleepdependent plasticity requires cortical activity, we reversibly inactivated V1 with lidocaine in sleeping cats after a brief period of MD shown previously to induce cortical remodeling (Frank et al., 2001 ). Cats at the peak of the critical period for OD plasticity were divided into three main (and one supplemental, see below) groups: MD ϩ sleep ϩ lidocaine (LIDO) (n ϭ 6), MD ϩ sleep ϩ vehicle (VEH) (n ϭ 7), and MD ϩ sleep ϩ sham infusion (SHAM) (n ϭ 6) groups. After postoperative recovery from the implantation of EEG/EMG electrodes and cannulas placed bilaterally either within V1 (LIDO and VEH) or outside V1 (SHAM), all cats underwent the following procedures adapted from our previous study (Frank et al., 2001 ). First, 6 h of baseline sleep/wake data were collected to verify that all of the cats were similar with respect to sleep/wake development and previous sleep/wake history. The cats were then briefly anesthetized with isofluorane, and the right eyelids were treated with a local anesthetic (topical lidocaine jelly) and sutured shut. After recovery, the cats were then kept awake for 6 h to provide a common stimulus for synaptic remodeling (MD period) as described previously (Frank et al., 2001) . After the completion of the MD period, LIDO, VEH, and SHAM cats were allowed to sleep ad libitum in complete darkness for an additional 6 h (post-MD period). During the ad libitum sleep period, V1 was continuously infused (0.3 l/min) with either lidocaine (2% in vehicle; LIDO group) or vehicle only [artificial CSF (Harvard Apparatus, Holliston, MA); VEH group]. SHAM cats were treated identically as the LIDO cats, except that the cannulas were positioned outside of V1 (0.5-1 mm above the pial surface). After the ad libitum sleep period, all cats were immediately anesthetized to ensure that the recovery from lidocaine occurred under conditions in which further remodeling was blocked [anesthesia inhibits ongoing plasticity in V1 (Freeman, 1979; Imamura and Kasamatsu, 1991)] . The cats were then prepared for optical imaging of intrinsic cortical signals and single-unit electrophysiology (see below). Although critical period cats are aperiodic with respect to sleep/wake organization (Laguzzi et al., 1979) , all experiments began such that optical imaging and electrophysiology began during the light phase. For example, baselines were recorded at ϳ11:00 -11:30 A.M. to 5:00 -5:30 P.M., MD periods began at ϳ6:00 P.M. and ended at 12:00 A.M., and animals were prepared for imaging at 6:00 A.M. Rescue experiments began 3-4 h earlier so that imaging and microelectrode recordings were conducted at approximately the same times as the other groups (for a schematic representation of the experimental design, see supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
Experimental procedures: supplemental groups. We also determined whether additional sleep after the initial lidocaine infusion might reverse the effects of cortical inactivation during sleep. This was accomplished by preparing two additional critical period cats (from different litters) for polysomnographic recording and V1 infusion as described above. These RESCUE cats were then treated identically as the LIDO cats, except that an additional 6 h ad libitum sleep period was provided after the initial sleep ϩ infusion period. During this time, the cats remained in complete darkness with the infusion pump turned off. They were then immediately prepared for optical imaging and electrophysiological recordings as described below.
Housing conditions and formation of groups. Critical period cats from our colony were randomly assigned to each group as they became available. Before use in an experiment, kittens were housed with their queens on a 12 h light/dark (LD) cycle at an ambient temperature of 22°C and were provided food and water ad libitum. To control for potential litter effects, no more than two to three kittens from any one litter were used in any one group. Surgeries were performed so that, after postoperative recovery, all of the cats were at similar ages at the start of each experiment (mean Ϯ SEMs postnatal age in days: LIDO, 32.8 Ϯ 1.5; VEH, 32.6 Ϯ 0.86; SHAM, 34.4 Ϯ 1.4; RESCUE, 31.3 Ϯ 1). All other procedures were as described previously (Frank et al., 2001) .
Surgical procedures and sleep/wake recording. At postnatal days 24-P28, cats were anesthetized and prepared for chronic implant surgery according to previously described methods (Frank et al., 2001) . The skull was exposed, five to six EEG electrodes were placed bilaterally in frontal and parietal bone (1-1.5 cm distant from V1), and three EMG electrodes were placed in the nuchal muscle. The electrodes were connected to an electrical socket that was fixed to the skull with bone screws and dental acrylic. A 1.5 ϫ 1.5 mm opening was then made bilaterally over V1, the dura was partially reflected, and a Plastics One (Roanoke, VA) dual cannula/electrode was lowered into V1 in VEH, LIDO, and RESCUE cats (0.2-0.5 mm lateral to medial bank). The internal "dummy" cannula was positioned so that it slightly perforated the pia to a depth of 0.3-0.4 mm; in this way, a small well in the cortical tissue was made for the injection cannula used during the infusion. The assembly was fixed to the skull with bone screws and dental acrylic. After 4 -5 d of postoperative recovery, the cats were placed in an illuminated sleep-recording chamber (22-24°C) with a revolving base. The cats were provided food and water ad libitum at all times except during the MD. LD schedules and ambient temperature were identical to colony housing with the exception that ad libitum sleep periods always began in the dark phase.
Polygraphic signals were routed from the animal via an electrical, counter-balanced tether/commutator to an Astro-Med (West Warwick, RI) amplifier system, processed with a high-pass filter of 0.3 Hz and a low-pass filter of 100 Hz, digitized at 200 Hz, and collected on a personal computer running commercial sleep acquisition/analyses software (Kissei Comtec, Irvine, CA). Fourier-transformed EEGs from sites at the infusion site and distant from the infusion site were then averaged into delta (0.5-4.0 Hz), sigma (10 -15 Hz), and high-frequency (HF) (15-40 Hz) bands and normalized to mean baseline values for quantitative assessment of EEG changes during the MD and infusion periods. EEGs from the distant site (not affected by infusions) were also used to assign the states of rapid eye movement (REM) sleep, non-REM (NREM) sleep, and wake in 8 s epochs. Vigilance states were determined using standard polysomnographic techniques as described previously (Frank et al., 2001) , and the amount of REM sleep, NREM sleep, and wake was computed for the baseline, MD, and post-MD periods.
Infusion procedures. We adapted procedures used previously to reversibly inactivate neurons in the visual system (Hupe et al., 1999; Malpeli, 1999) . Previous studies have shown that infusion rates comparable with the ones used in this study minimally damage surrounding tissue and produce completely reversible suppression of neuronal activity that extends in a sphere ϳ2-3 mm in diameter from the cannula tip (Hupe et al., 1999; Malpeli, 1999) . We verified that similar reversible inactivation occurred in our design by optically imaging V1 in pilot studies before and after lidocaine infusion (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Optical imaging. Optical imaging was conducted according to previously described methods (Frank et al., 2001; Kalatsky and Stryker, 2003) . Briefly, a craniotomy was made, and the dura was reflected in anesthetized, paralyzed cats (isoflorane followed by Nembutal with Flaxidil or pancuronium bromide). After allowing sufficient time for full recovery from lidocaine (2-3 h), contact lenses were placed in the eyes (for optimum focus to a monitor positioned at 40 cm), and a CCD camera was focused 500 -600 m beneath the pial surface. The cortex was illuminated with green (for vascular maps) or red (for intrinsic signals) light through the use of interference filters (546 Ϯ 10 and 610 Ϯ 10 nm, respectively). A second red filter was also interposed between the camera and the cortical surface before intrinsic signal imaging. Care was taken to ensure that, in every case, the cannula site was identified and the camera focused within 1-3 mm of the cannula site [which was an area optimally inactivated by lidocaine (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material)]. Occasionally, the surgical placement of the cannula and EEG electrodes in V1 caused extensive pial damage or vascularization 1-3 mm near the injection site. These hemispheres were always excluded from optical analyses but, if sufficiently undamaged, were used for microelectrode recording. In some cases, we also obtained optical maps (in hemispheres ipsilateral to the deprived eye) far from the infusion site (Ͼ3 mm) in LIDO cats for later comparison with maps near the infusion site.
Images of the cortical surface were continuously acquired by a Dalstar 1M30 CCD camera (Dalsa, Waterloo, Ontario, Canada) at a rate of 30 frames/s and saved to a personal computer after temporal (four frames) and spatial (2 ϫ 2 pixels) binning. The images were acquired at 2.7 magnification using a 135 mm/50 mm lens combination while a continuously rotating, full-field grating was presented to either the reopened deprived eye or the nondeprived eye (0.2 cycles/°, 2 cycles/s, one full rotation per minute). Single 10 -12 min presentations were made to each eye in an alternate manner (e.g., clockwise rotation deprived eye, clock-wise rotation nondeprived eye; counterclockwise rotation deprived eye, counterclockwise rotation nondeprived eye). Altering the order of presentations had no effect on map quality. We continuously monitored the physiological state of each cat during imaging to ensure that heart rate and expired CO 2 levels were always comparable between left eye and right eye presentations. We also examined a number of representative pixel responses in every map (as described by Kalatsky et al., 2003) to verify that the mapping signal was not obscured by vasomotor, respiratory, or other potential noise sources.
Optical maps were constructed as described by Kalatsky and Stryker (2003) . Briefly, the slow variation in the optical signal was removed by a uniform temporal filter (120 s), and the second Fourier component, which represents the orientation parameter space, was used to generate all maps. The calculated Fourier components were then divided by the average of all frames to reduce effects of uneven illumination, and the resulting maps were minimally processed with a high-pass spatial filter (uniform circular kernel of 120 -140 pixels, 1.0 -1.3 mm). A low-pass spatial filter (uniform circular kernel of 8 -12 pixels, 70 -100 m) was used for display purposes but was never used in OD assessments. After correction for hemodynamic delay as described by Kalatsky et al. (2003) , optical maps generated for each eye were cropped to remove vascular artifacts. Stimulus-induced luminance changes at each pixel were then used to create angle maps, polar maps, and OD ratio maps (the ratio of nondeprived/deprived eye responses at each pixel). Changes in OD were quantified using an optical contralateral bias index (CBI) and monocularity index (MI) similar to measurements used previously to analyze optical signals (Issa et al., 1999; Frank et al., 2001) . Briefly, this involved computing an ipsilateral/contralateral eye ocular dominance ratio at each pixel [OD ratio ϭ I/(C ϩ I), where I is ipsilateral response and C is contralateral response] and then calculating weighted averages of the pixel ratio distributions (collapsed into seven bins). These are essentially the same calculations used to generate unit CBIs and MIs, which are also weighted averages of data binned into histograms (i.e., OD ranks of 1-7). The optical MI measures how monocular the population response is and varies from 0 to 1, with 1 indicating a completely monocular distribution of pixel responses. The optical CBI measures the degree to which pixels in a sampled area are dominated by the contralateral eye and varies from 0 to 1, with 1 indicating complete dominance by the contralateral eye. As was done for single-unit measurements (see below), this calculation was adjusted for combined hemisphere data so that scores of 1 would indicate complete dominance by the nondeprived eye.
Microelectrode recordings. After optical imaging, a 1 ϫ 1 mm matrix of 16 electrodes (Frederick Haer Company, Bowdoinham, ME) was positioned within 1-2 mm of the infusing cannula and advanced in five to eight 100 m steps from the pial surface. Two or three penetrations per hemisphere were made to ensure that different cortical regions within the infusion area were sampled. Eight full-field, slowly drifting, reversing gratings (0.2 cycles/°, 5 s presentation) were randomly presented to each eye four times (4 ϫ 8 different orientations at 22.5°intervals plus blank screen per eye), and single units were sorted off-line using principal component analysis (OfflineSorter; Plexon, Dallas, TX). Approximately two to four neurons could be sorted per electrode, and we were typically able to record units on 12-14 electrodes in any given experiment. On average, we isolated 75-125 neurons per penetration. Mean response properties for all stimuli were calculated for each sorted neuron by a computer program. This allowed for completely objective (blind to the experimental condition) assessments of neuronal responses. We then calculated the following measures for each hemisphere, and all hemisphere values were averaged for each experimental condition.
Visual responsiveness (VR) is calculated by the equation VR ϭ R spon / R pf , where R spon is the mean number of spikes during blank screen (no stimulus) presentations, and R pf is the mean number of spikes at the preferred orientation (maximal response). The VR ranges from 0 (a very responsive neuron, i.e., no blank screen responses) to Ն1 (a nonresponsive neuron, i.e., neuron fires equally or more to blank screen as to visual stimuli). Neurons with VR values Ն1 were automatically classified as nonresponsive.
For ocular dominance, we used a modified OD ranking system originally developed by Hubel and Weisel (1970) . OD scores were automatically calculated using rules that simulated the subjective scoring of computerized spike records, or auditory assessments of neuronal responses traditionally used in the past (Hubel and Wiesel, 1970; Trachtenberg et al., 2000; Frank et al., 2001 ). For combined data from all hemispheres, OD scores of 7 and 1 were assigned when a neuron was dominated by the right (deprived) eye or left (nondeprived) eye, respectively. For example, scores of 1 were assigned if deprived eye responses were less than or equal to background firing (blank screen presentation). An OD score of 4 was assigned to neurons driven equally by the two eyes (Ϯ25% difference in spike rates). An OD score of 8 was assigned to neurons that were not visually responsive (see above). Intermediate scores of 2, 3 and 5, 6 were, respectively, assigned when the response to one eye was 26 -200% larger (scores of 3 and 5) or Ͼ200% larger (scores of 2 and 6). We also ranked unit recordings in each hemisphere using a traditional scheme in which scores of 1 and 7 indicate complete dominance by the contralateral or ipsilateral eye, respectively (Frank et al., 2001) . After the assignment of OD scores, scalar measures of eye dominance (CBI and MI) were computed for all neurons in a given experimental condition (per hemisphere) according to previously described methods (Issa et al., 1999) .
We verified that our algorithm approximated subjective scoring rules by examining OD histograms from six normally sighted critical period cats (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Previous studies using conventional, subjective scoring of neuronal responses show that neurons from normally sighted critical period cats are predominantly binocular (i.e., receive scores of 3, 4, and 5) (Hubel and Wiesel, 1970; Crair et al., 1998; Trachtenberg et al., 2000) . The corresponding CBI and MI scores in normally sighted cats are ϳ0.51-0.55 and 0.30 -0.35 (Reiter et al., 1986; Crair et al., 1998; Trachtenberg et al., 2000) . Our algorithm generated similar binocular OD histograms with comparable scalar measures of contralateral eye bias and monocularity (mean Ϯ SEMs; CBIs and MIs, 0.51 Ϯ 0.03 and 0.37 Ϯ 0.02, respectively).
Statistics. Both parametric and nonparametric statistics have been used to evaluate scalar measurements of OD (Gordon and Stryker, 1996; Beaver et al., 2001; Frank et al., 2001) . To ensure that the proper statistic was always used in our assessments, we first tested each dataset for normality using the Kolmogorov-Smirnov and equal variance tests (SigmaStat Software; Systat, Richmond, CA). Datasets that passed these tests were then assessed with parametric statistics (Student's t tests for planned comparisons, ANOVAs followed by protected Tukey's tests in all other cases); otherwise, Mann-Whitney U tests were used. ANOVAs or repeated-measure ANOVAs (for hour-by-hour comparisons of post-MD sleep values) followed by Tukey's protected tests were used to evaluate polysomnographic data as described previously (Frank et al., 2001) .
Results

Vigilance states
As shown in Figure 1 , the main groups of cats had similar amounts of REM sleep, NREM sleep, and wake in the baseline, MD, and post-MD periods, demonstrating that the cats were at similar developmental stages with respect to sleep/wake organization, that all cats were mostly awake during the MD period and Figure 1 . Vigilance state amounts in the main groups during the baseline, MD, and post-MD periods. Data represent mean state amounts expressed as a percentage of each 6 h interval (LIDO, n ϭ 6; VEH, n ϭ 7; SHAM, n ϭ 6). There were no significant differences in vigilance state amounts between the groups in any interval.
mostly asleep during the post-MD period, and that sleep was not grossly perturbed by lidocaine infusions. Sleep and wake amounts in all groups were comparable with normative values from non-infused cats undergoing the same MD procedures (Frank et al., 2001 ). There were no significant differences in wake, REM sleep, or NREM sleep amounts in the three main groups of kittens during the baseline, MD, or post-MD periods (ANOVA baseline: wake, F ϭ 1.15, p ϭ 0.337; NREM, F ϭ 0.476, p ϭ 0.628; REM, F ϭ 1.02, p ϭ 0.381; MD period: wake, F ϭ 0.875, p ϭ 0.433; post-MD: wake, F ϭ 0.617, p ϭ 0.552; NREM, F ϭ 0.78, p ϭ 0.926; REM, F ϭ 0.121, p ϭ 0.887). We found a significant increase in NREM sleep amounts in the post-MD period in all cats (baseline vs post-MD, Student's t test: LIDO, p Ͻ 0.008; VEH, p Ͻ 0.002; SHAM, p Ͻ 0.0004). There were no other significant changes in sleep values in the post-MD period.
Sleep EEG analysis: visual cortex
We were not able to analyze V1 EEGs in all cats because EEGs at this site often contained artifacts, possibly attributable to increased movement near the electrodes compared with anterior sites in which the electrodes could be more rigidly fixed. However, we were able to measure V1 EEGs from five LIDO and five VEH cats and from three SHAM cats. As shown in Figure 2 , intracortical lidocaine profoundly suppressed EEG activity in REM and NREM sleep. This reduction in cortical EEG activity was highly significant, as measured by spectral analyses of the EEGs (Fig. 3a,b) . The ANOVA revealed only main effects of the infusion (no significant time interactions), indicating that the suppression was uniform across the infusion period (REM sleep: delta, F ϭ 63.7, p Ͻ 0.0001; sigma, F ϭ 46.4, p Ͻ 0.0001; HF, F ϭ 32.5, p Ͻ 0.0001; NREM sleep: delta, F ϭ 76.1, p Ͻ 0.0001; sigma, F ϭ 94.06, p Ͻ 0.0001; HF: F ϭ 66.7, p Ͻ 0.0001).
Sleep EEG analysis: anterior positions
Spectral analysis of the frontal/parietal sleep EEGs verified that lidocaine infusions did not grossly alter EEGs distant from the infusion sites and that all cats were equally alert during the MD. As shown in Figure 3 , c and d, frontal/parietal EEG activity was comparable across all groups during the infusion period with the exception of a slight reduction in REM delta power in the LIDO and SHAM groups compared with VEH across the ad libitum sleep period (ANOVA; F ϭ 3.325; p Ͻ 0.048; Tukey's test, p Ͻ 0.05; no significant time interactions). Spectral analysis of the waking EEGs during the MD period showed no differences between groups (ANOVA; F ϭ 0.875; p ϭ 0.433) and verified that all cats were alert as wake delta power (expressed as a percentage of baseline wake delta power) did not exceed baseline wake values (means Ϯ SEMs; LIDO, 88.7 Ϯ 4.4%; VEH, 93.14 Ϯ 8.7%; SHAM, 76 Ϯ 3.8%).
Optical and microelectrode recordings
Reversible inactivation of V1 in the post-MD sleep period reduced OD plasticity. Optical maps from a cat with normal vision and cats representative of the three main experimental groups showed a large shift in neuronal responses toward the nondeprived eye only in the VEH and SHAM hemispheres (Fig. 4) . This shift in ocular dominance was significantly reduced in hemispheres infused with lidocaine during sleep as measured by mean optical CBIs and MIs (Table 1) . Although this effect was overall highly significant across both hemispheres and in hemispheres ipsilateral to the deprived eye, MI scores in hemispheres contralateral to the deprived eye were slightly more variable and did not reach significance.
We also found that optical CBIs from cortical regions Ͼ3 mm from the cannula site in lidocaine-infused hemispheres showed large shifts toward the nondeprived eye that were similar in magnitude to optical CBIs from vehicle-infused hemispheres [means Ϯ SEMs; lidocaine, Ͼ3 mm (seven hemispheres), 0.73 Ϯ 0.01; vehicle (seven hemispheres), 0.72 Ϯ 0.02] and significantly more shifted than areas near the cannula site (Student's t test, p Ͻ 0.001). A similar gradient in MI scores was also observed (data not shown).
The optical data were verified by microelectrode recordings, which also showed a suppression of OD plasticity in hemispheres infused with lidocaine. OD histograms and scalar measurements of eye preference calculated for all infused hemispheres showed a pronounced shift toward the open eye in VEH and SHAM-infused hemispheres (Fig. 5 , Table 2 ). However, neurons in hemispheres reversibly inactivated during sleep were significantly less shifted toward the open eye. As was the case for optical recordings, although OD plasticity was reduced in both hemispheres, this effect was more consistent in hemispheres ipsilateral to the deprived eye. The hemisphere differences appeared to be attributable to greater variability in the effects of MD in hemispheres contralateral to the deprived eye. For example, as shown in Tables 1 and 2 , the SEs for optical and microelectrode measurements were generally larger in the contralateral Mean Ϯ SEM optical CBIs and MIs are shown for all analyzed hemispheres. The number of nonanalyzed, damaged hemispheres is shown in parentheses. A two-way ANOVA was used to evaluate overall significance between groups, with group and hemisphere as factors. Between-group and betweenhemisphere comparisons were made with Tukey's protected t test when significant effects were found in the ANOVA. The values in bold indicate significant differences between the LIDO group and VEH or SHAM groups. IPSI refers to hemispheres ipsilateral to deprived eye; CONTRA refers to hemispheres contralateral to deprived eye. For both angle and polar maps, the color of each pixel represents the orientation of the optimal stimulus (key to color assignment is given in inset bar). For polar maps, the brightness represents the magnitude of the response driven by either eye. Contour lines in the polar maps are provided to highlight pinwheel centers and radiating orientation lines. The sixth column represents OD maps for the deprived eye (DE; magenta) and nondeprived eye (NDE; blue). Contour lines demarcate regions preferentially activated by the deprived eye, and values to the right are corresponding optical CBI (top) and MI (bottom) values (for details, see Materials and Methods for details). Note that deprived-eye angle and polar maps are more degraded compared with nondeprived eye maps in the VEH and SHAM animals and less degraded in the LIDO animal. There is a corresponding greater loss of deprived-eye territories in the SHAM and VEH animals compared with the LIDO animal. Scale bar, 1 mm.
hemispheres, and, in three cases (one VEH, two LIDO cats), unit data were excluded from statistical analyses because they were determined to be statistical outliers (values Ͼ3 SDs from group means). This variability may be related to the slight contralateral bias in kitten V1, which, in our experience, results in more consistent OD shifts in the hemisphere ipsilateral to the deprived eye after short periods of MD.
Effects of lidocaine infusion on visual processing
The reduction in OD plasticity in lidocaine-infused hemispheres was not attributable to gross abnormalities in visual processing. Nondeprived eye responses from lidocaine-infused hemispheres were robust and selective for orientation as indicated by strong polar maps [which display the orientation selectivity and magnitude of the cortical response (Fig. 4) ]. In addition, neurons from lidocaine-infused hemispheres did not differ from SHAM or VEH neurons on any measure of responsiveness other than ocular dominance and monocularity (Table 2) . This is consistent with the effects of lidocaine, which dissipate after 45-60 min.
Rescue experiments
Additional sleep after the lidocaine infusion did not rescue OD plasticity. Mean Ϯ SEM sleep and wake amounts (as a percentage of total recording time) in the RESCUE cats were comparable with values obtained in the other groups (baseline: wake, 32.8 Ϯ 7.4%; NREM, 39.31 Ϯ 3.3%; REM, 27.9 Ϯ 3.97%; MD period: wake, 94.1 Ϯ 0.2%; post-MD: wake, 5.9 Ϯ 0.6%; NREM, 52 Ϯ 4.2%; REM, 41.9 Ϯ 3.62%), and the cats spent most of their time asleep during the additional ad libitum sleep period (NREM, 48 Ϯ 4.1%; REM, 43.3 Ϯ3.7%). However, the shift toward the nondeprived eye was reduced in RESCUE cats (Fig. 6) 
Discussion
We investigated the role of cortical activity during sleep in OD plasticity and found that reversibly inactivating the sleeping visual cortex inhibited experience-dependent remodeling in cortical circuits. We also observed that additional sleep after a period of cortical inactivation did not rescue cortical plasticity. These findings demonstrate that neuronal activity during sleep immediately after waking experience is required for the consolidation of OD plasticity.
Our results are consistent with a previous study showing an important role for sleep in OD plasticity. In this previous investigation, we found that 6 h of sleep after MD enhanced the shift in neuronal responses toward the nondeprived eye, but this enhancement did not occur in cats kept awake in the dark (Frank et al., 2001) . In agreement with these results, optical CBIs in sleeping SHAM and VEH cats were comparable with values previously reported after sleep, and cortical inactivation during sleep reduced OD plasticity to levels similar to those observed after sleep deprivation.
Some differences between the two studies include the observation that microelectrode measurements of the shift in neuronal response toward the nondeprived eye in SHAM and VEH cats were slightly lower than values previously reported for sleeping cats (Frank et al., 2001 ). In addition, sleep deprivation in the dark appeared to be slightly more effective in restoring binocularity after MD than cortical inactivation during sleep (Frank et al., 2001) . These small differences, however, may result from a number of factors, including different electrophysiological measurements used in the two studies (i.e., multiunit vs single-unit, unit sampling differences) and the fact that cortical inactivation was Ͻ100% in the present study (Fig. 3a,b) .
Our results are also in agreement with previous investigations showing that continuous blockade of cortical activity (Reiter et al., 1986) or systemic administration of anesthetics after MD (Rauschecker and Hahn, 1987) blocks OD plasticity. In the former study, however, the inactivation occurred during MD and was not restricted to sleep, and, in the latter study, the anesthetic effects were not restricted to V1 or to a particular vigilance state. In contrast, we now report that cortical inactivation of V1 during sleep is sufficient to inhibit synaptic remodeling elicited by previous waking experience.
Nonspecific effects of cortical inactivation
The inhibition of OD plasticity was not attributable to disruption of ongoing sleep behavior or nonspecific effects of the inactivating agent diffusing into the CSF. Although there was a slight reduction in REM sleep EEG delta power in the LIDO and SHAM cats, the amount of sleep and wake in all groups were similar at all Hubel and Wiesel (1970) . **p Ͻ 0.05, significant differences between LIDO and VEH, SHAM distributions (ANOVA) (see Table 2 ).
phases of the experiment. It is unlikely that this modest change in EEG activity played a significant role in our results. SHAM cats showed the same EEG changes yet demonstrated robust shifts in neuronal responses toward the nondeprived eye, as measured by optical and unit CBIs (Tables 1, 2) .
Our results were also not attributable to a general loss of visual responsiveness or other gross abnormalities in neurons transiently silenced during sleep. First, the recovery from cortical inactivation occurred under anesthesia, which blocks further remodeling in visual cortex (Freeman, 1979; Imamura and Kasamatsu, 1991) . Consequently, the inhibition of OD plasticity in the LIDO cats cannot be ascribed to any transient changes in neuronal activity that might have occurred during recovery (e.g., rebound excitation). Second, optical maps generated by nondeprived eye stimulation in lidocaine-infused hemispheres were always strong and comparable with nondeprived eye responses from VEH and SHAM-infused cats (Fig. 4) . Furthermore, microelectrode recordings showed no significant differences in visual responses other than ocular dominance and monocularity between VEH, LIDO, and SHAM cats (Table 2) . For these reasons, we conclude that the reduction of plasticity observed in LIDO cats was specifically attributable to the inactivation of V1 during sleep.
Mechanisms of sleep-dependent synaptic plasticity
A number of potential mechanisms have been proposed to explain the beneficial effects of sleep on learning and memory and, by extension, synaptic plasticity. For example, gene expression, protein synthesis, intrinsic neuronal activity, and changes in neurotransmitter or hormone release have all been hypothesized to play important roles in sleep-dependent synaptic remodeling (Sejnowski and Destexhe, 2000; Benington and Frank, 2003; Steriade and Timofeev, 2003; Gais and Born, 2004; Walker and Stickgold, 2004) . In general, these putative mechanisms can be broadly divided into those that are activity dependent and those that involve processes that do not require neuronal activity. For example, sleep is associated with hormonal changes [e.g., cortisol suppression and growth hormone release (Cauter and Spiegel, 1999) ] that may influence synaptic plasticity (Benington and Frank, 2003; Gais and Born, 2004) . The release of these hormones, however, is unlikely to require cortical activity. Therefore, a logical first step in identifying the underlying mechanisms governing sleep-dependent plasticity is to determine whether this process is activity dependent.
Our findings show that cortical activity during sleep is an essential component of sleep-dependent plasticity during the critical period for visual development. They thus narrow the range of possible candidate mechanisms to those that are activity dependent. One possible mechanism may be a reactivation during sleep of the imbalanced activity in the two visual pathways triggered by MD. Reactivations of waking neural activity during sleep or sleep-like neuronal events (e.g., during quiet arousal in the rat) have been reported in the hippocampus and somatosensory cortex (Wilson and McNaughton, 1994; Kudrimoti et al., 1999; Louie and Wilson, 2001; Hoffman and McNaughton, 2002) , and similar replay in V1, if present, might consolidate synaptic changes elicited during wake. Alternatively, it is possible that, during sleep, there are changes in intrinsic activity within remodeling circuits that play a crucial role in synaptic modification (Benington and Frank, 2003; Tononi and Cirelli, 2003) . It has been proposed, for example, that the periodic influxes of calcium that occur during oscillatory neuronal bursting promote the expression of plasticityrelated genes or proteins (Sejnowski and Destexhe, 2000; Benington and Frank, 2003) . It is also possible that the EEG slow waves of NREM sleep downregulate certain synapses and/or promote long-term depression (LTD) (Benington and Frank, 2003; Tononi and Cirelli, 2003) . Interestingly, LTD appears to mediate the rapid loss of function in deprived-eye visual pathways after MD (Heynen et al., 2003) . Our findings are consistent with both broad categories of hypotheses, but, because lidocaine inhibits synaptic and intrinsic action potentials, the relative contribution of network-level and intrinsic forms of activity to sleep-dependent plasticity could not be determined in this study.
Concluding remarks
Our results raise a number of interesting questions. First, is cortical activity in REM sleep, NREM sleep, or both sleep states necessary for sleep-dependent plasticity? Our experimental design resulted in the silencing of neurons in both REM and NREM sleep, and, although our previous findings indicate that OD plasticity is enhanced by NREM sleep (Frank et al., 2001) , REM sleep may also play an important role. Second, is the source of this neuronal activity intracortical or thalamocortical? Both thalamic input and corticocortical interactions govern the rapid changes in cortical circuitry elicited by short-term MD (Trachtenberg et al., 2000) . Sleep provides a rich source of intracortical and thalamocortical activity (Benington and Frank, 2003; Steriade and Timofeev, 2003) , but only one of these forms of neural activation may be required for sleep-dependent plasticity. Finally, what cellular and molecular mechanisms of plasticity are triggered by the activity of the sleeping brain? Several activitydependent components of OD plasticity have been identified, including NMDA and GABA receptors, neurotrophins, and cAMP-mediated kinase activity (Roberts et al., 1998; Daw et al., 1999; Pizzorusso et al., 2000; Beaver et al., 2001; Hensch, 2003; Liu et al., 2003) . Are these also important components of sleep-dependent plasticity? Answers to these questions will help solve the mystery of sleep function and provide a more complete understanding of how experience and sleep shape the brain.
